, and by a National Science Foundation under which initial discussions took place and several reagents were made (Grant DBI 1117680 JSh and JSc).
Upton NY 11973, USA 48
schwend@bnl.gov 49
Tel: 631 344 3797 50 51 # John Shanklin (corresponding author) 52 attachment site, rendering them inactive. All three Arabidopsis BADC isoforms interact with BCCP. 132
Displacement of functional BCCP subunits in ACCase by inactive BADC subunits was believed to reduce 133 the ACCase catalytic activity (Salie et al., 2016) . ACCase is subject to feedback-regulation upon exposure 134 to exogenously supplied fatty acids in the form of Tween esters (Tween-80 containing predominantly oleic 135 acid; 18:1). Short-term exposure results in reversible inhibition of ACCase, whereas longer-term exposure 136 results in irreversible inhibition (Andre et al., 2012) . Oleoyl-ACP was shown to mediate the reversible 137 phase of inhibition (Andre et al., 2012) , whereas BADC1 and BADC3 are primarily responsible for the 138 phase of irreversible inhibition (Keereetaweep et al., 2018) . 139
140
In this work we present evidence that the expression of all three BADC genes are under the control of the 141 WRI1 transcription factor. The short-root phenotype and elevated conjugated IAA levels common to the 142 wri1-1 and the badc1badc2 double mutant led us to hypothesize that BADC-deficiency is responsible for 143 the observed short-root phenotype. Restoration of near-WT root length upon overexpression of BADC1 in 144 both wri1 and badc1badc2 is consistent with a yet-to-be identified role for BADCs in seedling development. 145
146

Results
badc1 badc2 double mutant shows reduced primary root growth and fewer lateral roots than WT. 148
Seeds of the badc1 badc2 double mutant generated in our previous study, contained 17% and 23% increases 149 in total fatty acid and TAG accumulation, respectively compared to WT (Keereetaweep et al., 2018) . When 150 grown on vertical MS plates, badc1 badc2 exhibited a reduction in primary root length by 62% and a 151 decrease in lateral root number by 39% compared with WT (Fig. 1A, 1B and 1C) . In contrast, root growth 152 of badc1 or badc2 single mutants showed no differences from that of WT. A complementation experiment 153 was performed in which either BADC1 or BADC2 was expressed under the control of the constitutive 35S 154 promoter in the badc1 badc2 mutant. More than 10 independent lines were generated for each of BADC1 155
and BADC2 constructs into badc1 badc2 (SFig. 1). All transgenic lines demonstrated restored root growth 156 to varying degrees, indicating the involvement of BADC1 and BADC2 in seedling development ( Fig. 1D and 1E). Because the wri1 mutant (wri1-1) was recently shown to have short-root phenotype duringseedling establishment (Kong et al., 2017) , we compared the growth of badc1 badc2 and wri1-1 under the 159 same conditions and show that their phenotypes are visually indistinguishable (SFig. 2). 160
161
Levels of conjugated auxin were elevated in badc1 badc2 plants compared to those of wild-type. 162
In wri1-1 the levels of conjugated auxin, i.e., indole-3-acetic acid (IAA)-Asp, were reported to be 163 significantly elevated compared to WT (Kong et al., 2017) . The similarity between the root phenotypes of 164 badc1 badc2 and wri1-1 during seedling establishment prompted us to measure the levels of several growth 165 hormones. As shown in Fig. 2 , IAA-Asp levels in 7-day-old seedlings showed a highly significant 166 approximately 50% increase relative to levels found in WT. In contrast, the levels of other plant hormones 167
i.e., ABA, JA and SA were not significantly different between badc1 badc2 and WT (Table S1) . 168
169
WRI1 interacts with AW boxes from the promoters of BADCs. 170
That badc1 badc2 mimics wri1-1 in both its short-root phenotype and IAA-Asp content led us to 171 hypothesize that BADCs are under transcriptional control of WRI1. Sequence analysis identified a canonical 172 AW-box consensus sequence within 200bp upstream of the translational initiation site (TIS) in the 173 promoters of all three BADC isoforms ( Fig. 3A and Table S2 ). To test whether WRI1 binds directly to these 174 AW boxes, microscale thermophoresis (MST) assays were performed, in which a 28bp dsDNA fragment 175 (Table S2) , containing each of AW boxes from BADCs was titrated against purified WRI1 DNA binding 176 domain (AA58-240) fused with GFP (SFig. 3). As shown in Fig. 3B and 3C, WRI1 exhibited low 177 equilibrium dissociation constants (Kds) i.e., tight binding affinities for all three putative AW boxes with 178
Kd values between 0.27 and 5.24 nM, comparable with the affinity of WRI1 for the bona fide AW box1 179 from the promoter of the WRI1 target gene BCCP2 of 0.65 nM (Maeo et al., 2009) . Among the three 180 BADC genes, WRI1 showed the highest affinity for the BADC1 AW box at 0.27 ± 0.27 nM. The AW box 181 from the BCCP1 promoter was also tested because although BCCP1 contains an AW box (-60/-47 relative 182 to TIS) the gene was shown not to be regulated by WRI1 (Fukuda et al., 2013) . Consistent with this, the Kdvalue for dsDNA that includes the BCCP1 AW box and WRI1 showed an approximately 37-fold higher Kd 184 value than those of for BCCP2 and WRI1 (SFig. 4). To test whether the consensus sequence 185
[CnTnG](n)7 [CG] in BADCs AW boxes is critical for WRI1 binding, 3 different mutant sequences were 186 generated for each BADC AW box (Table S2 ) and tested in MST. As shown in Table S3 , mutations in 187 conserved nucleotides dramatically decreased their affinities to WRI1. Mutations in the 7 nucleotides 188 between also decreased the affinity but to a less degree (Table S3) developing siliques (7 days after flowering) of wri1-1 were only 10-20% of that in WT (Fig. 4B) . We next 198 used a BADC1 antibody that showed high specificity towards BADC1 protein as (Sfig.5) to probe BADC1 199 levels in wri1-1. Consistent with the observed decreased expression of BADC1 in wri1-1, relative to WT, 200 the level of BADC1 protein in wri1-1 observed by immunoblotting was only 23% of that in WT (Fig. 4C) . 201
Since relative high gene expressions of WRI1 and BADCs were also observed in seedling roots (Fig. 4A) , 202 BADC1 protein level was quantified in seedling roots and found to be significantly lower in wri1-1 203 seedlings roots (12 day old) compared with wild type (Fig. S6) . To test whether overexpression of WRI1 would increase gene expression of BADCs and the abundance of 208 BADC1 polypeptide, two ethanol-inducible WRI1 transgenic lines that were generated in our previous study 209 ( Zhai et al., 2017) were used. Both lines demonstrated elevated WRI1 accumulation after induction with 210 2% ethanol treatment (Zhai et al., 2017) . As shown in figure 5A , BADCs, WRI1 and BCCP2 gene expression 211 in developing siliques of WRI1 transgenic plants that were induced by irrigation with 2% ethanol for 4 days 212 were significantly higher than either WT or the corresponding WRI1 transgenic plant lines that were not 213 exposed to ethanol treatment (Fig. 5A) . Consistent with the elevated gene expressions of BADC1, BADC1 214 protein levels were also significantly higher upon WRI1 overexpression ( Fig. 5B and 5C ). To test whether 215 global regulation of WRI1 on BADCs, gene expression and protein level were also quantified in the 216 seedling roots of WRI1 transgenics, as shown in Fig. S7 , both gene expression and protein level were higher 217 in WRI1 transgenics induced by ethanol treatment than either non-ethanol treatment control or WT (Fig.  218 
S7). 219 220
Overexpression of BADC1 in wri1-1 partially rescues wri1-1 short-root phenotype 221
The data presented above supports the hypothesis that the expression of BADC genes are under the control 222 of WRI1, and that the short-root phenotype of wri1-1 primarily results from a deficiency of BADC1 and 223
BADC2.
To test this hypothesis, the CDS of BADC1 was placed under the control of the 35S promoter and 224 transformed into wri1-1. 15 out of 17 independent transgenics demonstrated significantly longer primary 225 root length than that of wri1-1 when germinated and grown vertically on ½ strength MS medium plates for 226 16 days ( Fig. 6A and 6B ). Immunoblot showed that BADC1 protein levels were significantly increased in 227 those BADC1/wri1-1 transgenics (Fig. S8 ). To test whether IAA-Asp is somehow associated with the short-228 root phenotype of wri1-1, IAA contents were measured in 7-day-old seedlings of BADC1/wri1-1, wri1-1 229 and WT and showed decreasing in BADC1/wri1-1 when compared with wri1-1( however, excess fatty acid levels persist for two or more days, an irreversible phase of inhibition of ACCase 251 is initiated that is primarily mediated by BADC1 and BADD3 (Keereetaweep et al., 2018) . In this context, 252 BADC subunits should not be regarded as a simple inhibitor, but rather as a conditional inhibitor of 253
ACCase. Thus, coexpression of the approximately 20 genes that promote FA synthesis along with the three 254 BADC subunits makes biological sense because as WRI1 increases cellular metabolic demand by activating 255 FA synthesis, it concomitantly increases the capacity to downregulate ACCase, and thereby FA synthesis, 256 by increasing abundance of the conditionally inhibitory BADC subunits. Co-regulation of FAS and the 257
BADCs thus allows the cell to match synthetic capacity with its regulatory capacity. The biochemical 258 regulation of ACCase described herein is complementary to the transcriptional regulation of FAS we 259 recently reported in which levels of the WRI1 polypeptide are tightly coupled to the availability cellular 260 carbon in the form of sugars. When the carbon/energy status of the cell decreases, the SnRK1 carbonsensing kinase becomes activated and it phosphorylates WRI1, leading to its selective proteasomal 262 degradation thereby reducing activation of FAS genes (Zhai et al., 2017) . Conversely, when carbon/energy 263 abundance increases, levels of the SnRK1 kinase inhibitor trehalose 6-phosphatae increase, reducing WRI1 264 phosphorylation/degradation, thereby increasing the amount of WRI1 available to activate the transcription 265 of FAS genes (Zhai et al., 2018) . 266
In this study we also observed the badc1 badc2 double mutant exhibits reduced primary root growth, a 267 phenotype that resembled that of the wri1-1 mutant (Kong et al., 2017) , which in combination of our finding 268 that WRI1 controls BADC transcription led us to ask whether the short-root phenotype characteristic of 269 both wri1-1 and badc1badc2 mutants result from a deficit of BADC. If correct, overexpression of BADC 270 in wri1-1 would mitigate the wri1-1 short-root phenotype. This view is supported by the observations that 271 overexpression of BADC1 in wri1-1 partially rescued its short-root phenotype in a manner similar to its 272 overexpression in the badc1badc2 mutant background (and as overexpression of BADC2 had in the 273 badc1badc2 mutant background) and reduced IAA-Asp content in BADC1/wri1-1. Taken together this 274 work suggests that deficiency of BADC levels, resulting either directly via mutation of badc genes, or 275 indirectly through the mutation of their upstream transcriptional activator, wri1, result in a short-root 276 phenotype via an as yet-to-be determined mechanism. Further work will be required to identify details of 277 the mechanism, that is likely related to increased levels of conjugated IAA that were observed for both 278 wri1-1 and badc1badc2 mutants. 279
280
Taken together, we show all three BADC genes are direct target genes of WRI1 and can play a role in root 281 development. The observation that WRI1 not only upregulates genes contributing to FA synthesis, but also 282
BADCs which are conditional regulators of FA synthesis identifies an additional layer of regulation with 283 respect to FAs synthesis. 284 285
Materials and Methods 286
Plant Materials and Growth Conditionsbadc2 (Salk 021108C) and badc3 (CS2103834) were used in this study. Double mutant badc1 badc2 was 289 generated and described previously (Keereetaweep et al., 2018) . For growth on plates, seeds were surface-290 sterilized with 70% ethanol, followed by 30% bleach containing 0.01% Tween20, and rinsed three times 291 with sterile water. Seeds were stratified for 3 days at 4°C in the dark and germinated on half Murashige and 292 , and 75% relative humidity. 294
Skoog
295
Genetic Constructs 296
CDS of BADC1 and BADC2 were amplified by PCR from cDNAs using primers listed in Table S4 
RNA Isolation and RT-qPCR 321
To quantify gene expression in mutants and transgenic plants, total RNAs were isolated using the RNeasy 322
Plant Mini Kit (Qiaqen, Gaithersburg, MD). cDNA was prepared using SuperScript™ IV VILO™ Master 323
Mix with ezDNase™ Enzyme (Invitrogen, Carlsbad, CA). RT-qPCR reactions were setup with 324 SsoAdvanced™ Universal SYBR ® Green Supermix (Bio-Rad) and gene specific primers (primer sequences 325 are listed in Table S4 ) and performed with the CFX96 qPCR Detection System (Bio-Rad). Statistical 326 analysis of qRT-PCR data was carried out with REST2009. 327 328
Expression of purification of recombinant GFP-WRI158-240 329
DNA sequence of full length of WRI1 fused with GFP on its N-terminus (GFP-WRI1) was amplified from 330 a OWD5 vector previously described in Zhai et al. (Zhai et al., 2017) . GFP-WRI1 then was inserted into 331 pet28b between XhoI and NcoI by in-fusion cloning. Full length of WRI1 in the resulted GFP-WRI1/pet28b 332 was replaced with DNA sequence corresponding to WRI1 DNA binding domain (WRI158-240) between XhoI 333
and BsrGI (Kong et al., 2017) . The primer pairs used in building this construct is listed in Table S4 . 334
Recombinant GFP-WRI158-240 was expressed in E.coli BL21(DE3). Protein purification was performed as 335 reported by Zhai (Zhai et al., 2017) . 
